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Description

[0001] The present invention relates to a rectifier ar-
rangement, in particular a synchronous rectifier.
[0002] Synchronous rectification is a well-known pos-
sibility to reduce a rectifier diode’s forward conduction
losses by switching a parallel transistor to its ON state
synchronously to the diode, shunting the diode with the
channel of the parallel connected transistor. This meth-
odology has been mainly used in low voltage and high
current applications. Here the forward voltage and cur-
rent signals can be sensed directly by a controller and
forwarded to the low voltage Gate Drive Unit (GDU). Typ-
ical commercial synchronous rectifier controllers can
sense and drive low voltage, high current MOSFETs only.
[0003] High voltage power MOSFETs, particularly
those based on Wide Band Gap (WBG) semiconductors,
having very low on-state resistances can be used as syn-
chronous rectifiers, even at high voltage levels of 600 V
to 1200 V. However, the existing low voltage synchro-
nous rectifier controllers, which are dedicated to driving
low voltage switches, cannot be directly used for those
applications. Solutions such as galvanically or optically
isolated drivers and sensors are expensive and therefore
not always practical for industrial applications. Synchro-
nous rectifier methods with high voltage bridge drivers
may suffer from lowered sensitivity and accuracy due to
very high dynamic voltage range and low CMR immunity.
The model-based synchronous rectifiers are typically
suited for a specific operating point of a specific converter
only and may suffer from light load or no-load operating
conditions.
[0004] It is an object of the present invention to provide
an improved rectifier arrangement, particularly a syn-
chronous rectifier arrangement for high-voltage applica-
tions using a low-voltage gate drive unit.
[0005] A synchronous rectifier arrangement in accord-
ance with the invention comprises a first, depletion-
mode, semiconductor switch with first and second load
terminals and a first control terminal. It further comprises
a second, enhancement mode, low-voltage semiconduc-
tor switch with third and fourth load terminals and a sec-
ond control terminal. The second and third load terminals
are electrically connected, the two semiconductor switch-
es thus forming a series connection.
[0006] A control circuit is connected to the second con-
trol terminal and arranged to turn the second semicon-
ductor switch on and off by applying a signal to the second
control terminal.
[0007] The first semiconductor switch has a higher
maximum reverse voltage than the second semiconduc-
tor switch and the control circuit is a low-voltage synchro-
nous rectifier control circuit.
[0008] For the semiconductor switches, turning on
means bringing them to a conducting state that allows
current to flow between the load terminals. Turning off
means bringing them to a non-conducting mode that pre-
vents current flow between the load terminals.

[0009] The synchronous rectifier arrangement advan-
tageously uses a cascode-like arrangement of two
switches. The second switch is a low-voltage switch such
as a 30 V Si MOSFET. A low-voltage gate drive unit is
used to control that low-voltage switch. The cascode ar-
rangement in turn provides protection of the low-voltage
second semiconductor switch by the first switch from volt-
ages that are possibly higher than the reverse voltage of
the second switch. The first switch in turn is turned on
and off indirectly by the cascode arrangement. Active
controlling of the low-voltage second semiconductor
switch provides a synchronous rectifier operation mode
for input voltages that may be as high as the first semi-
conductor’s reverse voltage.
[0010] Further features that may be added alone or
together in exemplary embodiments of the invention in-
clude:
The reverse voltage of the first switch may be at least
400 V, particularly at least 1200 V. The first semiconduc-
tor switch may in other words be a high-voltage switch.
With a high-voltage switch as the first semiconductor
switch the second semiconductor switch can be protect-
ed from the same high voltages and can thus itself remain
a low-voltage switch. The reverse voltage of the second
switch may thus be at most 100 V and in some embod-
iments at most 50 V.
[0011] The synchronous rectifier arrangement may
comprise a diode arranged in parallel to the second sem-
iconductor switch. The diode is preferably oriented to
block a forward polarity voltage across it and the second
semiconductor switch. This enables the arrangement to
operate as a passive rectifier wherein the first semicon-
ductor switch protects the diode from high input voltages.
[0012] In an advantageous embodiment the diode is a
Schottky diode. Silicon (Si) Schottky diodes have a low
forward voltage drop and therefore cause low conducting
losses, but they are not available as intrinsic high-voltage
devices. The first semiconductor switch protects the
Schottky diode from high input voltages. Together with
the high voltage first semiconductor switch the Schottky
diode may then act as a high-voltage Schottky diode
equivalent.
[0013] A first control circuit control terminal may be
connected across a first resistor to the first control termi-
nal of the first semiconductor switch. This allows control-
ling the state of the first semiconductor switch directly
and thus enables the synchronous rectifier arrangement
to operate as a high-voltage normally-off FET switch.
[0014] A second control circuit control terminal may be
connected across a second resistor to the second control
terminal of the second semiconductor switch. This allows
controlling the state of the second semiconductor switch
directly and thus enables the synchronous rectifier ar-
rangement to operate as an active high-voltage rectifier.
To enable such a first operating mode, the control circuit
may be arranged to, during the first operating mode, ob-
tain a signal indicative of the voltage across the second
semiconductor switch and may further be arranged to
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turn on the second semiconductor switch when the signal
indicates a reverse polarity voltage.
[0015] Furthermore, the control circuit may be ar-
ranged to, during a second operating mode, set the ar-
rangement’s conducting state by turning on and off the
first semiconductor switch while keeping the second
semiconductor switch in the on-state. In this second op-
erating mode the synchronous rectifier arrangement op-
erates as a high-voltage normally-off FET switch.
[0016] The control circuit may further be arranged to,
during a third operating mode, keep the second semi-
conductor switch in the off-state and apply no signal to
the first control terminal of the first semiconductor switch.
In this second operating mode the synchronous rectifier
arrangement operates as a passive Schottky rectifier,
but for voltages as high as those can the first semicon-
ductor switch can block. Advantageously the first semi-
conductor switch switches its state automatically in this
operating mode and thus requires no active control.
[0017] Embodiments of the present invention are now
described with reference to the accompanying drawings
to which the invention is not limited. The illustrations of
the drawings are in schematic form. It is noted that in
different figures, similar or identical elements use the
same reference signs.

Fig. 1 illustrates a first high voltage cascode arrange-
ment operating as a synchronous rectifier circuit us-
ing low voltage synchronous rectifier controller.

Fig. 2 illustrates a second high-voltage synchronous
rectifier circuit with additional operation modes.

[0018] Figure 1 is a circuit diagram of a synchronous
rectifier circuit 10 according to a first embodiment of the
invention. Synchronous rectifier circuit 10 comprises a
low-voltage synchronous rectifier gate drive unit 12. It
further comprises a cascode circuit having a first semi-
conductor switch 14 and a second semiconductor switch
16.
[0019] The first semiconductor switch 14 is a depletion-
type 650 V GaN (gallium nitride) field effect transistor
(FET). In alternative embodiments the first semiconduc-
tor switch 14 can also be an SiC (silicon carbide) device.
It has a first control terminal G14 and first source and
drain terminals S14, D14 which are load terminals.
[0020] The second semiconductor switch 16 is an en-
hancement-type 30 V silicon MOSFET. It has a second
control terminal G16 and second source and drain ter-
minals S16, D16 which are load terminals.
[0021] In other words, the first semiconductor switch
14 is a high-voltage, ultra-fast switch while the second
semiconductor switch 16 is a low-voltage switch.
[0022] The first source terminal S14 and the second
drain terminal D16 are connected, so that the first and
second semiconductor switch 14, 16 form a series con-
nection.
[0023] The cascode circuit can be embodied as an in-

tegrated device comprising at least the first and second
switch 14, 16. In this case the cascode circuit itself has
a drain terminal formed by the first drain terminal D14, a
source terminal formed by the second source terminal
S16 and two control terminals formed by the first and
second control terminals G14, G16.
[0024] The first drain terminal D14 forms a terminal of
synchronous rectifier circuit 10 and may be connected
to a voltage, for example an AC supply voltage. The sec-
ond source terminal S16 forms another terminal of syn-
chronous rectifier circuit 10 and may for example be con-
nected to a load, in particular a circuit driven with a DC
voltage.
[0025] Gate drive unit 12 is a unit that is specifically
arranged to drive a synchronous rectifier circuit at low
voltages of below 100 V, for example with a MOSFET
semiconductor switch with a reverse voltage of 30 V such
as the second semiconductor switch 16. It is, in other
words a unit that is unsuitable for directly acting as a gate
driver for a high voltage switch.
[0026] As further connections in the synchronous rec-
tifier circuit 10, the first control terminal G14 is connected
across a decoupling diode 20 to the second source ter-
minal S16. Decoupling diode 20 is oriented to conduct
from the first control terminal G14 to the second source
terminal S16. The decoupling diode 20 which may be
implemented by a single diode or a series of diodes
should be arranged to be able to block the drain-source-
voltage of the second semiconductor switch 16. The de-
coupling diode 20 allows controlling the gate of the first
semiconductor switch 14.
[0027] A second control circuit control terminal MDrv
is connected across a second resistor 24 to the second
control terminal G16 of the second semiconductor switch
16. A first voltage sense input terminal Vd of the gate
drive unit 12 is connected to the second drain terminal
D16 and therefore also to the first source terminal S14
and one terminal of Schottky diode 18. A second voltage
sense input terminal Vs of the gate drive unit 12 is con-
nected to the second source terminal S16 and therefore
also to the other terminal of Schottky diode 18 and one
terminal of the decoupling diode 20.
[0028] Gate drive unit 12 is further connected to a sup-
ply voltage on its VCC terminals and to a higher-level
controller (not shown in figure 1) such as a microcontroller
circuit to receive control signals from this controller. The
voltage sense input terminals Vd, Vs are additionally con-
nected across two pairs of a capacitor and diode wherein
each of the junctions between capacitor and diode is con-
nected to a further terminal of gate driver unit 12.
[0029] The synchronous rectifier circuit 10 of figure 1
can operate as a synchronous rectifier. The gate driver
unit 12 determines the voltage across the second semi-
conductor switch 16 on its voltage sense terminals Vd,
Vs. When it detects that the voltage is negative, meaning
Vs > Vd, the gate driver unit 12 switches on the second
semiconductor switch 16 by applying a voltage to the
second control terminal G16. Turning on the second sem-
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iconductor switch 16 short-circuits the source terminal
S14 of the first semiconductor switch 14 to its control
terminal G14, switching on the depletion mode first sem-
iconductor switch 14.
[0030] If the voltage across the second semiconductor
switch 16 is positive, the gate driver unit 12 switches off
the second semiconductor switch 16 by removing the
voltage to the second control terminal G16, making the
voltage at its terminal MDrv equal to that of the second
source terminal S16. Turning off the second semicon-
ductor switch 16 short-circuits the source terminal S14
of the first semiconductor switch 14 to its control terminal
G14, switching on the depletion mode first semiconductor
switch 14. This increases the voltage at its drain terminal
D16. When the pinch-off voltage of the first semiconduc-
tor switch is reached, it switches off and blocks the volt-
age across both switches 14, 16. It thereby also protects
the second semiconductor switch 16 from voltages high-
er than its reverse voltage.
[0031] Notably this creates a synchronous rectifier
able to operate with a high-voltage AC input. For exam-
ple, the AC input voltage may have a peak of 400 V, 600
V, or even 1200 V. The synchronous rectifier circuit 10
is able to work with this voltage as long as the first sem-
iconductor switch 14 is able to block this peak voltage.
At the same time the synchronous rectifier circuit 10 uses
a gate driver unit 12 that is configured to drive a synchro-
nous rectifier but only suitable for controlling a low-volt-
age switch for synchronous rectifier operation.
[0032] Figure 2 is a circuit diagram of a synchronous
rectifier circuit 30 according to a second embodiment of
the invention. Synchronous rectifier circuit 30 comprises
the elements of synchronous rectifier circuit 10. In addi-
tion, a first control circuit control terminal Vgate is con-
nected across a first resistor 22 to the first control terminal
G14 of the first semiconductor switch 14.
[0033] Arranged in parallel to the second semiconduc-
tor switch 16 is a Schottky diode 18. Schottky diode 18
is oriented to block a forward polarity voltage across it
and the second semiconductor switch.
[0034] Synchronous rectifier circuit 30 can be operated
like the synchronous rectifier circuit 10 of the first em-
bodiment of the invention, i.e. it can be operated as a
synchronous (active) rectifier as a first mode of operation.
Synchronous rectifier circuit 30 offers the option to use
two additional operating modes.
[0035] In the second mode of operation, gate driver
unit 12 controls the second semiconductor switch 16 to
be continuously turned on by applying a voltage to the
second control terminal 16, i.e. its gate terminal. At the
same time the state of the first semiconductor switch 14
is controlled by the first control circuit control terminal
Vgate. If at any point the second semiconductor switch
16 becomes turned off, either by a control signal of the
gate driver unit 12 or through a malfunction within the
synchronous rectifier circuit 30, the first semiconductor
switch 14 will automatically be turned off regardless of
any voltage applied at the first control circuit control ter-

minal Vgate as explained above. Thus, in this mode of
operation the synchronous rectifier circuit 30 acts as a
high-voltage normally-off JFET switch.
[0036] In the third mode of operation, both semicon-
ductor switches 14, 16 are continuously kept in a turned
off state by not applying a turn-on voltage at their respec-
tive control terminals G14, G16.
[0037] In this mode of operation, when a negative volt-
age is applied across the switches, i.e., when the voltage
at the second source terminal S16 is higher than that at
the first drain terminal D14, Schottky diode 18 conducts
and makes the voltage at the first source terminal S14
almost equal to that of the second source terminal S16
and thus the voltage at the first control terminal G14,
disregarding the voltage drop of the decoupling diode 20,
thus turning on the first semiconductor switch 14. This
allows a current flow with the very low resistances intrin-
sic to both the Schottky diode 18 and the first semicon-
ductor switch 14.
[0038] When the voltage across the switches 14, 16,
i.e. the input AC voltage, becomes positive, Schottky di-
ode 18 blocks the current, creating a voltage drop be-
tween the first source terminal S14 and the first control
terminal G14, thus turning off the first semiconductor
switch 14. The first semiconductor switch 14 then blocks
the input voltage. As the first semiconductor switch 14 is
a high-voltage device, it blocks the input voltage up to its
reverse voltage, in this example 650 V. The Schottky
diode 18 is thus protected from this input voltage which
it could not block alone.
[0039] In this way, the Schottky diode 18 and the first
semiconductor switch 14 together form a high-voltage
Schottky diode equivalent. While a pure high-voltage
Schottky diode device is not available, this combined cir-
cuit acts as such a device. The synchronous rectifier cir-
cuit 30 thus acts as a passive Schottky rectifier wherein
no active control of gate terminals is necessary.

List of reference numbers

[0040]

10, 30 synchronous rectifier circuit
12 low voltage synchronous rectifier gate driver

unit
14 first semiconductor switch
D14 first drain terminal
S14 first source terminal
G14 first control terminal
D16 second drain terminal
S16 second source terminal
G16 second control terminal
16 second semiconductor switch
18 Schottky diode
20 decoupling diode
22, 24 resistors
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Claims

1. Synchronous Rectifier arrangement (10, 30), com-
prising

- a first, depletion-mode, semiconductor switch
(14) with first and second load terminals (S14,
D14) and a first control terminal (G14),
- a second, enhancement mode, low-voltage
semiconductor switch (16) with third and fourth
load terminals (S16, D16) and a second control
terminal (G16), the second and third load termi-
nals (S14, D16) being electrically connected,
- a control circuit (12) connected to the second
control terminal (G16) and arranged to turn the
second semiconductor switch (16) on and off by
applying a signal to the second control terminal
(G16),
wherein
- the first semiconductor switch (14) has a higher
maximum reverse voltage than the second sem-
iconductor switch (16),
- the control circuit (12) is a low-voltage synchro-
nous rectifier control circuit (12).

2. Synchronous Rectifier arrangement (10, 30) accord-
ing to claim 1, wherein the reverse voltage of the first
semiconductor switch (14) is at least 400 V, partic-
ularly at least 650 V, particularly at least 800 V.

3. Synchronous Rectifier arrangement (10, 30) accord-
ing to claim 1 or 2, wherein the reverse voltage of
the second semiconductor switch (16) is at most 100
V, particularly at most 50 V.

4. Synchronous Rectifier arrangement (10, 30) accord-
ing to any of the preceding claims with a diode (18)
arranged in parallel to the second semiconductor
switch (16).

5. Synchronous Rectifier arrangement (10, 30) accord-
ing to claim 4, wherein the diode (18) is a Schottky
diode.

6. Synchronous Rectifier arrangement (10, 30) accord-
ing to any of the preceding claims, wherein a first
control circuit control terminal (Vgate) is connected
across a first resistor (22) to the first control terminal
(G14) of the first semiconductor switch (14).

7. Synchronous Rectifier arrangement (10, 30) accord-
ing to any of the preceding claims, wherein a second
control circuit control terminal (MDrv) is connected
across a second resistor (24) to the second control
terminal (G16) of the second semiconductor switch
(16).

8. Synchronous Rectifier arrangement (10, 30) accord-

ing to claim 7, wherein the control circuit (12) is ar-
ranged to, during a first operating mode, obtain a
signal indicative of the voltage across the second
semiconductor switch (16) and is further arranged
to turn on the second semiconductor switch (16)
when the signal indicates a reverse polarity voltage.

9. Synchronous Rectifier arrangement (10, 30) accord-
ing to claims 6 and 7, wherein the control circuit (12)
is arranged to, during a second operating mode, set
the arrangement’s conducting state by turning on
and off the first semiconductor switch (14) while
keeping the second semiconductor switch (16) in the
on-state.

10. Synchronous Rectifier arrangement (10, 30) accord-
ing to any of the preceding claims, wherein the con-
trol circuit (12) is arranged to, during a third operating
mode, keep the second semiconductor switch (16)
in the off-state and apply no signal to the first control
terminal (G14) of the first semiconductor switch (14).
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